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Fibroblast clonal heterogeneity has been reported for 
growth and protein synthesis, but quantitative stud-
ies of synthetic phenotype at the pretranslational 
level have been limited because of difficulty in reli-
ably growing large numbers of clonal cells. We have 
recently shown a unique stimulatory activity of low 
oxygen tension in the early phases of clonal growth, 
which can be used to establish clonal fibroblast cul-
tures suitable for Northern analysis. Using this meth-
odology, we have measured mRNA levels of a1(1) 
procollagen and transforming growth factor-beta 1 
(TGF-/3) both at baseline and after TGF-P stimulation 
in a total of 43 clones derived from single cells and 
from seven different cell strains. We report a remark-
able baseline heterogeneity, commonly four- to six-
fold, in procollagen mRNA levels a1nong clones and 
between clones and their parent cultures. Con-
T he development of fibrosis and the process of fibro-plasia during wound repair may involve the se lection and expansion of der.mal fibroblast clones having enhanced synthetic capacity [1,2] . There is also evi-den ce for the existence of developmentally regulated 
and site-specific phenotypic vanat10n in fibroblasts (reviewed in 
[3]). However, actual experimental support for the existence of 
clonal h eterogeneity rests pt;marily w ith reports of clonal differ-
ences in fibroblast g rowth and synthetic phenotype. Several studies 
have shown that subsets or clonal populations of human dermal 
fibroblasts are heteroge neous in their synthesis of DNA, g lycosanti-
noglycans, collagenous protein , and prostaglandins [2,4 -6]. How-
ever, quantitative studies of synthetic phenotype of fibroblast 
clones at the pre translational level have been limited because of 
difficulty in establishing human fibrob last clonal populations that 
are suitable for RNA isolation and Northem analysis. 
We have recently established a method for obtaining clonal 
fibroblast populations starting from single cells [7] . This novel 
method takes advantage of a muque stimulatory activity of low 
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versely, differences in baseline TGF-/3 mRNA levels 
among clones were either not present or less than 
onefold. The clonal phenotypic expression of a1(1) 
procollagen mRNA remained stable after eight addi-
tional cell passages. TGF-/3 stimulation of itself (au-
toinduction) was highly variable among clones (range 
of increases 30% to 150%), and up-regulation of pro-
collagen mRNA levels after TGF-/3 stimulation was 
detected in only 15 (54%) of 28 clonal cultures (range 
of increases 30% to 353%). A notable lack of correla-
tion was found between baseline mRNA levels of 
TGF-/3 and a1(I) procollagen in clonal cultures. In 
conclusion, fibroblast clonal populations are remark-
ably heterogeneous in their baseline procollagen 
mRNA levels and in their response to TGF-/3. Key 
JVovd: collagen. J Itwest Del'tllatol 105:27-31, 1995 
OJ.:ygen tension in the early phases of fibroblast clonal growth, and 
yields large numbers of clonal cells suita ble for Northern analysis. 
Ln this report, we have used this m ethodology to establish clonal 
fibroblast populations from the dermis ofnom1al human skin and to 
evaluate clonal hete rogenei ty in the expression of a:l (1) procollagen 
and transforming growth factor-beta 1 (TG F-{3), and in the re-
sponse to TGF-{3. Our results further support the existen ce of 
fibroblast clonal heterogen e ity . 
MATERJALS AND METHODS 
Fibroblast Cultures Cultures of human dennal fibroblasts were estab-
lished as described previo usly [8] from biopsy specimens of dorsa l forea.1111 
skin of healthy adult donors. A tota l of seven fibroblast strains established 
from seven normal ad ults were used in the experiments reported here. ln all 
cases, the epidermis and upper portion of the dermis were discarded from 
the biopsy specimen. and explants were prepared from the lower portion of 
the dermis. Cul tures from explants were grown in Dulbecco 's modified 
Eagle's medium (DMEM) (Sigma, St. Louis, MO) ;md 1 O'V., feta l bovine 
serum (FBS) (Gibco Laboratories. Grand Island, NY). Fibroblasts were 
grown and kept at 37°C in 5% C02 and 95% ajr in a Forma incubator 
(Forma Scientif-ic, Marietta, OH). Seeding of single cells from cul tures in 
their first to third iu 11itro passage was done by a modified dilutional 
tecluuque, as described previously 17]. Only wells confirmed to concajn a 
single cell by microscopic examination were used further. Wells conta.i•ung 
single fibrob lasts were supplemented with DMEM plus 20% FBS and placed 
in a low (2°/.,) oxygen incubator (Fonna Scientific). T he media were 
changed every 4 or 5 d. After the cultures grew confl uent in 96-well plates 
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and, subsequently, in 24-well plates, they were transferred back to standard 
oxygen tension and expanded in progressively larger flasks [7]. Northern 
analysis of clonal cul tures was done afte r washing the monolayers twice with 
phosphate-buffered saline and supplementing the cultures with fresh 
DMEM and 10% FBS for 24 h. All experiments were done in the presence 
of freshly prepared 100 J.tM ascorbic acid (Sigma) added da ily. TGF-13 was 
used to stimulate expanded clonal cells in some experiments. The TG F-13 
was from either human platelets (R&D Systems, San Francisco, CA) or a 
human recombinant preparation (Austral Biologicals, San Ramon , CA). 
Measurements of Collagenous Protein Clonal fibrob lasts were 
seeded in 96-wel.l plates at a density of20,000 per well in 0.2 ml ofDMEM 
supplemented with 10% FBS. Mter a 72-h incubation to obtain confluent 
cultures, the monolayers were washed twice with phosphate-buffered saline 
and the medium was changed to 0.2 ml of RPM I containing 3% HyClone 
serum, 50 J.tg/ml of freshly prepared ascorbic acid, 50 J.tg/ml beta-
aminopropionitrile, and 0.5 J.tCi of eHJ-proline (99 Ci/mmol, Amersham 
Corp.). (3 H]-proline incorporation into pepsin-resistant, salt-precipitable 
extracellular collagen was determined as described previously [9]. Results 
were expressed as cpm of (3H]-collagen per cell number, as determined 
with a hemacytometer. 
RNA Extraction and Northern Analysis T hese procedures were done 
as described previously [1 0]. Total cellular RNA was isolated by extraction 
in guanidinium isothiocyanate using the method of Chomczynski and Sac chi 
(11] . It was then separated by electrophoresis on a 1% agarose gel containing 
5% fonnaldehyde and transferred to a 0.45-J.tm nylon membrane (Schlei-
cher and Schuell, Keene, NH) in a gradient of 20 X to 10 X sodium 
citrate/sodium chloride buffer (SSC) . A eDNA probe (Hf677) complemen-
tary to the mature protein coding region of a1 (I) procollagen [12] was 
obta ined from the American Type Culture Collection (Rockville, MD). A 
1.5-kilobase-pair (kb) EcoR.I fragment of this eDNA probe inserted in 
pBR322 was labeled with 3 2 P by random printing (Promega, Madison, WI) 
and used for hybridization. The TGF-/3 probe used in these experiments was 
a 1.07-kb NaR.I fragment of the TGF-/3 eDNA [8] (American Type Culture 
Collection) . The levels of mRNA beta-actin and glycera ldehyde-3-phos-
phate dehydrogenase (GA.PDH) were used to control for variations in RNA 
loading. A beta-actin human eDNA probe (2.0 kb) was purchased from 
Clontech Laboratories (Palo Alto, CA). For GAPDH, a 6.2-kb EcoRl 
fragment was prepared from a eDNA (pOAl clone) (American Type 
Culture Collection). For RNA electrophoresis, tl1e same amounts of tota l 
ce llular RNA (1 0-15 J.tg) were loaded per lane, as measured by spectro-
photometric absorbance at 260 aJld 280 nm. Confirmation of comparable 
RNA loading was obta ined by staining the nylon blots with methylene blue 
[1 OJ. Northern hybridization was performed at 42°C in a solu tion contain-
ing 50% formamide, 6 X SSC, 5 X Denhardt's reagent, 0.5% sodium 
dodecylsulfate (SDS), and the labeled probe (107 to 108 cpm/J.tg) . The blots 
were washed at room temperature once in 1 X SSC, 0.1% SDS for 20 min, 
fo llowed by three washes at 68°C in 0.2 X SSC, 0.1% SDS for 20 min each. 
Autoradiography was performed overnight at -70°C. Autoradiographs 
were quantitated by densitometry. 
RESULTS 
It was sh own previously that fibroblast clones are heterogeneous in 
several parameters, including the synthesis of collagenou s protein, 
g lycosaminoglycans, and prostaglandins [2,4-6]. In the present 
studies, we tested the hypothesis that clonal fibroblast populations 
derived from single cells are heterogeneous at the mRNA level in 
al(I) procollagen and TGF-13 production, as well as in th eir 
response to TGF-13. Northern analysis was used to measure mRNA 
levels of a1(1) procollagen, TGF-13, and control housekeeping 
genes. To ascertain th e validity of an y differences that might be 
found in clonal cultu res, we first determined the extent of b aseline 
variability in the results of Northern analysis. For this purpose, 
RNA was isolated separately from seven nonclonal cultures of the 
same fibroblast strain, after they had been seeded an d grown 
simultaneously and treated in an identical way. As with subsequ en t 
experiments with clonal cells, these seven identically grown cul-
tures were incubated overnight with 10% FBS before RNA isola-
tio n . Each of the RNA samples was then electropho resed and 
hybrid ized separately . As shown by th e Northern ana lysis and 
densitometric measurements in Fig 1, the varia bili ty in mRNA 
levels for al(I) procoUagen for these cu ltures was w ithin 5%. 
T h e results described above confirmed the reliability and va lidi ty 
of Northern an alysis using these experin1ental conditions . We 
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Figure 1. Measurements of al(I) mRNA levels by Northern analy-
sis. Northern blot of a1(1) procoUagen mRNA in seven cultures of human 
dern1al fibrob lasts . Cultures were from the same strain and grown simulta-
neously but separately before RNA isolation. T he blots were hybridized 
with a eDNA probe for a1(1) procollagen and for GAPDH . T he nylon blot 
was also stained with methylene blue to compare RNA loading. Densito-
metric analysis, normaEzed for GAPDH, is also shown (botto111). 
proceeded to analyze clonal ftbroblast populations for their baseline 
mRNA levels of al(I) procollagen and TGF-13. Clona l cultu res 
were isolated, expanded, and grown simultan eously. The process of 
obtaining a sing le confluent 7 5-cm2 flask from a single cell culture 
took approximately 6 - 8 weeks. C lonal cultures were then treated 
overnight with 10% FBS before Northern analysis. T h e blots and 
densitometric anal yses shown in Figs 2-7 are representative resu lts 
obtain ed from a total of 43 clon es isolated fi:om seven different cell 
strains of adult human derm al fibrob lasts. In these and in other 
experim ents, densitometric analysis u sing a control housekeeping 
gen e , either actin or GAPDH, was used to compare mRNA levels 
among clones. Comparison was also made between clones and their 
parent cul tures grown simultaneously. Figure 2 shows up to a 
six-fold and a 2 .5-fold difference in procollagen mRNA levels 
among nine clones and between clonal cells and their parent 
cultures, respectively. Heterogeneity in mRNA levels was not 
limited to cd(I) procollagen, but was also present for TGF-13 
mRNA levels. However, as sh own in Fig 2, h eterogen eity in 
TGF-13 mR.NA levels was much less m arked th an that measured 
with procollagen, and TGF-J3 mRNA levels were lower in clonal 
cultures than in the parent strain . Of particular u1terest was a 
notable lack of correlation between mRNA levels of TGF-13 and 
procollagen (Fig 2). Heterogeneity u1 a1(1) procollagen mRNA 
levels among fibroblast clones was accompanied by correspo ndu1g 
differences at the collagenou s protein level (Fig 3). As shown u1 Fig 
3, the clonal culture with th e highest leve l of procollagen mRNA 
(clone 3) was also actively synth esizing the greatest amoun t of 
collagenous protein (clone 2 versus 3; p = 0.0031). This close 
relation between mRNA levels of a1(1) procollagen and coll agen 
synthesis has been shown in a previous study of fibroblast clones in 
which mRNA levels were measured by dot blot hybridization [5]. 
T here is ev idence that clonal fibroblast h eterogeneity is present 
both under baseline conditions and in response to mitogen s and 
othe r mediators of cell growth and synthetic activity [4,5, 13). We 
next asked w h eth er clonal cultures vary in the ir response to TGF- 13, 
an esta blished stimu.lus for collagen syn thesis [14, 1.5]. Fibroblast 
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Figure 2. Fibroblast clonal cultures arc heterogeneous in the mRNA 
levels of al(I) procollagen and TGF-/3. Northem analysis of nine clonal 
cultures derived from a single fibroblast parent culture (PA). The blot was 
hybridized with a eDNA for al(l) procollagen, TGF-J3, and actin. Densito-
mecric readings for the clones were compared with those of the parent culture. 
clones were incubated ovemight in 10% FBS with or without 
TGF-f3 (5 ng/ml) . Representative results are shown in Fig 4, 
where stimulation of the parent culture by TGF-/3 was up to 
sevenfold higher than that observed with individual clones. Indeed, 
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Figure 3. al(I) procollagen mRNA levels in clonal cultures corre-
late with collagen biosynthesis. Northern analysis of three clonal 
cultures after hybridiza tion with a eDNA for a l (1) procollagen and 
GAPDH. Boll01 11 , [3 H]-proline incorporation for each of the clones is 
presented as the mean ± SD of quadruplicate determinations. 
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Figure 4. Fibroblast clones are heterogeneous in their response to 
TGF-/3. Northern blot of five clonal cultures ~t11d their parent (PA) before 
and after stimulation with TGF- {3 (5 ng/ m1) and hybridized with eDNA for 
a 1 (I) procollagcn and GAPDH. T he densitometric analysis compares the 
readings obtained before and after TGF-{3 stimulation . 
up-regulation of procollagen mRNA leve ls after TGF- 13 stinmla-
tion, an expected finding, was detected in only 13 (5 2%) of 25 
clonal cultures from six fibrobl ast strains, and it ran ged in magni-
tude from 30% to 353% of th e base line values in unstin1ulated 
cultures. Conversely, TGF-/3 stimulation of a 1 (I) procollagen 
mRNA levels was observed in al l four parent c ultures in which this 
was investigated. Heterogeneity in a1 (T) procollagen mRNA levels 
among clones was also tested in response to increasing con centra-
tions ofTGF-/3. Figure 5 illustrates how procollagen mRNA levels 
in two o f the clones tested, lab eled 1 and 3, were optimally 
increased up to 78% and 35%, respectively, by stimulation with 1 
ng/ml of TGF-/3. In contrast, clone 2 in Fig 5 showed no 
substantial stimulation after exposure to increasing concentrations 
of TGF-/3. These results are in agreem ent with our other experi-
ments showing an absence of response to TGF-/3 among som e 
clones (Fig 4) and further support the existence of clonal hetero-
geneity in response to an established stimulatory agent like TGF-/3 . 
TGF-/3 stimulates its own synthesis (autoinduction), which pro-
vides a potent mech anism of amplification for the action of this 
peptide [16] . We found that TGF-/3 autoinduction also is he tero-
geneous in individual fibrob last clones. This is seen in Fig 6, in 
which TGF-13 autoinduction does not n ecessarily correlate with the 
lev els of procollagen in cultures stimulated with TGF-f3. 
Taken together, our results indica te that fibroblast clonal popu-
lations are markedly heterogeneous in thei1· baseline procollagen 
and TGF-J3mRNA levels and in their response to TGF-/3. We next 
asked whether the phenotype of clonal c ultures is stable after 
additional iu 11itro passages. Attempts to p assage and expand clonal 
cultures to test this hypotl1esis were often tmsuccessful. We found , 
as have others [2,4-6], that clonal cells would stop replicating after 
the initial period of sustained growth. Therefore, we were not able 
to compare mRNA levels sequentially over a large number of i11 
vitro passages. To generate the data observed in Fig 7, we expanded 









































Figure 5 . Fibroblast clones show a heterogeneous response to 
increasing concentrations ofTGF-(3. Northern blot from three clonal 
cultures stimulated with increasing amounts of TGF-(3 for 24 h and 
hybridized with eDNA for a l(l) procollagen and GAPDH. The densito-
metric analysis compares the readings obtained with different concentrations 
o f TGF- (3 and is normalized for GAPOH densitometric readings. 
and rrypsinized clones over eigh t additional passages while main-
taining two 75-cm 2 fla sks at the same passage, with weekly changes 
of media . RNA isolatio n and Northern analysis were then per-
formed simultan eously with the expanded (after eight p assages) and 
unexpanded clonal cultures. As shown in Fig 7, mRNA levels of 
a1 (I) procollagen did not change after these eight additional 
passages. These results suggest that the phenotype of clones is stable 
over multiple in 11itro passages and are in agreement with previous 
studies in which this issue was examined at the collagenous protein 
level and after exposure to mononuclear cell products [4,5]. 
DISCUSSION 
In rhis report, we describe severalfold differences in the mRNA 
levels of al(I) procollagen and, to a much lesser extent, in TGF- J3 
levels among fibroblast clonal populations derived from single cells 
and fro m several strains of adult human derm al fibroblasts. These 
differences in mRNA leve ls were present at baseline and after 
stimulation with TGF-/3, and, at least for procollagen mRNA , were 
stable after additional cell passages. The phenotype of clonal cells at 
the mRNA level was o ften di.sti11ct from that of parent cultures 
either w ith or without TGF-J3 stimulation. Of particular interest 
was the frequent lack of correlation between mRNA levels of 
procollagen and TGF-J3 both at ba seline and after TGF- J3 stimula-
tion . The latter observation m ay be surprising at first, given the 
established role ofTGF- J3 as a potent stimulus for collagen synthesis 
and as a m ediator of fibrosis [17] . However, w e did not test the 
response of clonal cultures to other peptides and, most likely, 
fi broblasts are under the combined influ en ce of many cytokinP.s and 
growth facto rs. 
T he observations repo rted bere are novel in that we were able to 
measure quantitatively by Northern analysis the degree of hetero-
geneity of man y fibroblast clones derived from several different 
human dermal fibroblast strains. T lus was possible because of the 
reported ability of low oxygen tension to stimula te clonal growth 
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Figure 6. TGF- f3 autoinduction is heterogeneous in fibroblast 
clones. After the addition of TGF-(3 (5 ng/ml), the steady-state mR.NA 
levels of a 1 (I) procollagen, TGF- (3 , and GAPOH were measured in 
fibroblast clonal cultures. The blot was also stained with methylene b lue as 
an additional" comparison of RNA loading. T he densitometric measure-
ments, normali zed for GAPDH, compare the readings obtained before and 
after TGF-/3 stimulation . 
and expansion in the early phases of clonal growth [7]. At the 
moment, the m echmusms involved in hypoxic stimulation of single 
cell growth are not m1derstood. However, we have shown previ-
ously that this hypoxic stimulus may be linuted to nontransformed 
cells and that it is not replaced by the addition of multiple cytokines 
and growth factors, added e ither singly or in combination [7]. With 
respect to the present studies, it is possible that the low OJ.:ygen 
tension necessary to stimulate cloual growth, albeit used only in the 
initial. phases of clonal expansion, could lead to selection of certain 
clones faring more favorably in a low oxygen environment. For 
example, it is possible that hypox ia may selectively enhance the 
growth of clones with a higher collagen biosynthetic activ ity than in 
the parent line. However, this possible concern does not detract 
from the observation that heterogeneous popul ations of fibroblast 
clones ca11 be demo nstrated after expansion of cultures seeded as 
single cells. 
Although our studies provide new evidence for clonal heteroge-
neity in the synthesis and response to TGF- J3 and more extensive 
evidence for pretranslational differences, they are also in agreement 
with previous observations . A previous report using fibroblast-
conditioned m edia to stimulate clonal growth and dot blot hybrid-
ization for measurements of al(I) mRNA levels is in agreement 
with the results of the present study [5]. In that report, Goldring et 
nl [5] measured the heterogeneity of clones derived ti·om neonatal 
foreskin fibroblasts and concluded that such clones are he teroge-
neous in their baseline synthesis of collagen and in their synthesis 
and response to certain hormonal stimuli, such as cyclic adenosine 
monophosphate and parathyroid hormone [5] . A study of gingival 
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Figure 7. Pretranslational phenotype and heterogeneity of clones 
persist after multiple;, 11it1·o passages . Northern analysis of three clonal 
culmres before (B) and after (A) e ight additional ce ll passages. 131ots were 
hybridized with eDN A for al( l) procollagen and GAPDl-1 . Densitometric 
ana lysis, norma lized for GAPDl-1, represents the ra tio (before/ after) of 
readings fo r a l (I) procollagen fo r each set of clones. 
mJury showed that the repair process was associated with th e 
transient selection and expansion of fibroblasts with a greater 
capacity to synth esize collagen [1) . A similar process of fibrobl ast 
clonal expansion has been proposed to occur during the develop-
m ent of fibros is [2). Indeed, de rmal fibroblast clones from normal 
subj ects and patients with fibrotic skin were shown to have 
severalfo ld differences in collagen and glycosaminoglycan syntl1esis 
[4-6) . Moreover, a number of reports have suggested that there are 
differences in the growth potential and collagen synthesis of 
fibroblasts derived from the papillary and reti cular dermis [1 8,19] . 
Taken toge ther, o ur resul ts and th ese previous observations suggest 
considerable difFe rences in the synthetic activity of fibroblast sub-
populations and clonal cul tures. This present report provides 
evidence that this heterogene ity is markedly present at the pretrans-
lational level. 
The existence of clonal pretranslational heterogene ity in coll agen 
and TGF-{3, as well as in TGF-{3 autoinduction, has in1portant 
implica tions in both wound repair and fibrosis. In hea ling wounds, 
coll agen and other extracellular m atrix pro te ins are deposited at an 
accelerated rate for several days to weeks . R emodelin g then takes 
place, and, over a period of several m o re weeks, fibroblast growth 
and synthe tic activity diminish dramatically. Conversely, fibrotic 
sta tes are characterized by excessive a.nd perhaps continued depo-
sition of extracellular m atrix without the orderly remodeling 
present in tissue repair. Growth f.~ctors and cytokines undoubtedly 
play an important role in controlling fibroblast synthetic activity in 
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both wound repair and fibrosis. Indeed , tl1ere is substantial evi-
dence that blocking the action of TG F-!3 m ay contro l scarrin g and 
fibrosis [17). However, cytokine contro l of fibroblast activation 
m ay well be accompanied by the selection of fibroblasts with a 
programmed level o f syntl1etic activity, with the two t;!ven ts 
dynamically interrelated to pro vide a greater and more fl exible 
control of extracellular m atri:x deposition. O ur findings provide 
additional evide nce for the existen ce of fibrobla st subpopuJations 
and clones with a dive rse repertoire of synthetic capacity, both at 
baseline and in response to TGF-{3. 
T his Jllork Jllas suppm1ed by gram s fro m rl1c Nntiounl Ins titutes of Health 
(AR39658, A R42936, AG10998), tl1 c Dennarolog)' F01mdation, nud the Dennn-
tology F"'mdnriou <f M iami. 
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